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1. INTRODUCTION

The regenerative liquid-propellant gun (RLPG) used in this study is of the Concept VI type,
Figure 1 (Mandzy, Cushman, and Magoon 1984a, 1984c, 1984d; Reeves 1985; Pate and
Magoon 1985; Magoon et al. 1985). This design uses an in-line annular, regenerative piston
to pump a monopropellant into the combustion chamber where the propellant breaks up into
droplets and burns. The concept has been studied at General Electric, Pittsfield, MA, in
25-mm (Mandzy, Cushman, and Magoon 1984a, 1984d), 30-mm (Mandzy, Cushman, and
Magoon 1984a; Reeves 1985; Pate and Magoon 1985; Magoon et al. 1985), and 105-mm
(Mandzy, Cushman, and Magoon 1984a, 1984c¢; Mandzy et al. 1983, Morrison and Knapton
1984) test fixtures, and a version of the Concept VI RLPG is being tested at the U.S. Army
Ballistic Research Laboratory (BRL), Aberdeen Proving Ground, MD (Magoon et al. 1985;
Watson et al. 1985; Watson et al. 1986; Watson, Knapton, and Klein 1987; Klingenberg et ai.
1987). Pressure records from tests with the Concept VI type fixtures typically show high-
frequency oscillations. Based on research in liquid-propellant rocket engines, high-frequency
oscillations account for many problems such as increased heat transfer, mechanical vibration,
or abnormally high pressure spikes. These concerns are not addressed in this paper; instead,
we will assume that the oscillations are of acoustical origin and consider only the nature of the
oscillations and not their effect on the system. Interestingly, if the oscillations are of acoustical
origin, then an identification of the acoustical modes permits a means for estimating the sound
speed in the chamber. Therefore, estimates of the sound speed will be given and compared
with values determined from both the BLAKE thermochemical code (Freedman 1987) and an
interior ballistic model (Coffee 1985, 1986).

Kent (1936) was one of the first investigators who used the sound speed to interpret
pressure data measured during the combustion of a solid propellant in a closed chamber.
Kent was able to obtain an estimate for the specific heat of the combustion gases by
assuming a value for the sound speed in the chamber. More recently, Juhasz (1987) has
interpreted, in terms of a sound speed, pressure oscillations that occur during the combustion
of solid propellants in closed chambers.
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Figure 1. Concept VI, In-Line Annular Piston, 1/3 Charge Configuration.

Two important observations are noted from the earlier RLPG studies (Magoon et al. 1985;
Watson et al. 1985). First, it was shown (Magoon et al. 1985) that analog data, Figure 2, from
one of the tests yielded a rather well-defined frequency, which remained approximately
constant throughout the interior ballistic cycle. A constant frequency can suggest a constant
sound speed. An approximately constant frequency could also be explained by other
mechanisms, such as by compensating effects between changes in the complex two-phase
flow, by temperature effects, and by changes in geometry. However, the assumption of
constant sound speed yields an interesting and relatively simple basis for estimating the
sound speed, which may be of some merit. Also, an earlier study (Watson et al. 1985) using
a modified chamber insert, Figure 3, in a configuration that more closely approaches the
shape of a cylindrical chamber, resulted in significant variations in the nature of the
oscillations. Changes in the chamber geometry would have a direct influence in the
generation of the observed frequencies, provided the frequencies are related to the assumed

acoustical modes.
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Figure 2. Example of Chamber Pressure-Time Data Digitized at 400 kHz, LGP 1846, J Plane.
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Figure 3. lllustration of Modified Crash Ring and Normal Crash Ring.




2. BACKGROUND

2.1 Propellant. The liquid propellant used in the recent studies is the hydroxylammonium
nitrate (HAN) based monopropellant, designated LGP 1846. A summary of its
thermochemistry properties, along with LP 1845 for comparison purposes, is given in Table 1.
Earlier studies used Otto-1l, a monopropellant with a lower impetus than the HAN-based
monopropellants. The properties of Otto-Il are also included in Table 1.

Table 1. Properties of the Liquid Propellants Used in the Gun Firings®

LP Fuel Composition Flame
nam Density, Impetus, t . G
name e Fuel, HA Water, i petu emp amma
g/cm J/g K
Wt% Wt Wt%
1845 TEAN | 20.0 63.2 16.8 1.46 934 2,592 1.218
1846 TEAN 19.2 60.8 20.0 1.42 898 2,469 1.223
Otto-II —_ — b — 1.23 866 1,986 1,266

3Thermochemical calculations for a loading density = 0.2 g/cc (Freedman 1987).

bCcmposition of Otto-ll: 76% 1,2 dinitroxypropane, 22.5% di-N-butyl sebacate, 1.5% 2 nitrodiphenylamine.

2.2 Test Fixtures. This study focuses on the Concept VI type of RLPG. However, two
earlier RLPG concepts, tested in 25-mm and 40-mm fixtures, are briefly mentioned since

these fixtures also exhibit pressure oscillations.

2.2.1 Earlier RLPG Concepts.

(1) The 40-mm RLPG In-Line Showerhead Piston (Benet Weapons Laboratory [BWL],
Watervliet, NY). One of the first RLPG fixtures that showed pressure oscillations was a
40-mm gun (Graham 1987) tested at BWL (Hasenbein 1381). This gun used an in-line piston
with a showerhead-type injector similar to some of the early concepts tested at General

*It should be noted that tests with some medium-caliber RLPG fixtures have resulted in pressure records, which did

not show any oscillations. One fixture, tested at the General Electric Armament Systems Division, Burlington, VT
(Graham and Bulman 1975), was a 25-mm RLPG with a showerhead-type piston face. Other fixtures, tested at the
General Electric Ordnance Systems Division, Pittsfield, MA, have been 30-mm RLPG tixtures similar to the Concept
VI described in this report, but with various changes in the orifice injection geometry.
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Electric (Graham and Bulman 1975). Otto-1l was injected during the interior ballistic cycle
through holes drilled in the head of the piston. This concept was dropped due to the difficulty
in initially sealing the propellant and to a lack of control in the mass injection rate during the

interior ballistic cycle.

The 40-mm BWL fixture exhibited a high-frequency (11 kHz) acoustical instability in the
chamber, which was interpreted as the first tangential mode (Hasenbein 1981; Graham 1982).
This instability was initiated when the piston was displaced a distance approximately equal to
the chamber diameter. The amplitude of the oscillations was reduced, but not eliminated, by

contouring the piston face to resemble baffles.

(2) The 25-mm Concept V (General Electric Ordnance Systems Division). Pressure
oscillations were also recorded with a different type of injection concept. In this concept, the
propellant was initially confined between an axial hollow rod and the chamber wall (Mandzy,
Cushman, and Magoon 1984b). Otto-Il was injected during the interior ballistic cycle through
holes drilled in the wall of the hollow rod. In some cases, the propellant was also injected
through an annulus around the outside of the head of the piston. in this case, the propeliant
was in contact with the inner wall of the chamber. This concept offered a means for initially

sealing the propellant reservoir and varying the mass injection rate.

A major concern in the test results with Concept V was the presence of large-amplitude,
high-tfrequency oscillations present in the pressure-time records (Mandzy, Cushman, and
Magoon 1984a, 1984b). The frequencies of the oscillations were 10-50 kHz and persisted
well past injection. The oscillations had the maximum amplitudes at the face of the piston and
chamber wall. Attempts to correct the problem failed. This concept was later abandoned due

to problems not associated with the oscillations.
2.2.2 Concept VI

(1) Description. The Concept Vi-type fixture (Figure 1) has been tested in 25-mm
(Mandzy, Cushman, and Magoon 1984a, 1984d), 30-mm (Mandzy, Cushman, and
Magoon 1984a; Reeves 1985; Pate and Magoon 1985; Magoon et al. 1985; Watson et al.
1985, 1986; Watson, Knapton, and Klein 1987; Klingenberg et al. 1987), and 105-mm




(Mandzy, Cushman, and Magoon 1984a, 1984c; Mandzy et al. 1983; Morrison and Knapton
1984) gun fixtures. These fixtures inject propellant into the combustion chamber in the form of
an annular sheet. An illustration of the basic concept showing both the chamber and LP
reservoir sections is given in Figure 1. In the upper half of the figure, the piston is in the
forward position prior to firing. The lower half of the figure shows the piston in the rear
position at the end of firing. The piston is a thin-shell cylinder supported from deformation by
a lubricating film and the chamber wall. At ignition, the pressure developed by the igniter in
the combustion chamber forces the injection piston to the rear. Due to the differential area of
the injection piston, the pressure in the reservoir is higher than in the combustion chamber.
As a result, LP is forced through the annulus formed by the outside of the control rod, or
center bolt, and the inner diameter of the piston. The injected propellant then enters the
combustion chamber. The instantaneous injection area is controlled by contours on the
control rod. Initially, the area is sealed, preventing leakage of LP into the chamber during LP
fill and allowing for the prepressurization of the LP reservoir. For the tests reported here, the
initial prepressurization of the LP was 7.0 MPa. As the injection piston is displaced to the
rear, the injection area rapidly increases, permitting an increase in the mass injection rate.
Maximum injection area is reached at the end of the first or starting taper on the control rod.
Motion of the injection piston is retarded toward the end of its stroke by the rear taper on the

control rod.

A chamber inser, called a crash ring, Figure 3, was used in all of the tests. The purpose
of the crash ring is to center the control rod; provide a stop for the piston during
prepressurization; and provide a collapsible object, in the event the piston reverses, to
minimize damage to the hardware.

(2) Concept VI, 25-mm, Test Conditions. The 25-mm RLPG was tested at the General
Electric test facility, Malta, NY (Mandzy, Cushman, and Magoon 1984a, 1984d). Chamber
pressures, the propellant reservoir pressure, the projectile velocity, and the piston velocity
were recorded. The rear chamber pressure gage and the forward chamber pressure gage
were located, respectively, 3.72 cm to the rear and 1.33 cm forward of the initial position of
the piston face. Otto-ll was used for the tests. The mean charge mass was 115 g, with a
standard deviation of 0.29 g. The charge-mass-to-projectile-mass ratio (C/M) was 0.634.
lllustrations of the forward and rear chamber pressures are shown in Figures 4 and 5, together

6
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with the reservoir pressure, Figure 6, and the piston displacement (recorded by an optical
tracker, commercially called an Optron), Figure 7. (The zero reference time in these plots is
the time at the start of data recording. The pressure data from the propellant reservoir,
Figure 6, is not expressed in engineering units, as the type of transducer used in the reservoir
was a new miniature gage, and the gage mounting and calibration procedures had not been
specified. The actual pressure deflection may be approximated by comparison with the scales
of the other two gages shown in Figures 4 and 5.) In Figures 5 and 6, the oscillation at the
start is associated with the response and injection of the propellant from the reservoir, and the
pulse at about one-half of maximum pressure in Figure S is due to the uncovering of the gage
by the piston. The response from the Optron, Figure 7, shows a smooth start-up and a
gradual deceleration. (The total piston displacement in Figure 7 is about 58 mm).

» Pressure Oscillations. The responses of the pressure gages in the chamber show no
evidence of oscillations until a pressure of 130 to 140 MPa is reached. The maximum
amplitudes of the oscillations in the forward section of the chamber are about 6 to 12%
of the maximum pressure, while the maximum amplitude of the oscillations in the rear of
the chamber are about two times larger. The dominant frequency of the pressure
oscillations in the chamber are in the 50- to 60-kHz range.

+ Scaling Tests. Additional 25-mm tests were also performed at General Electric with the
objective of investigating the effect of different sheet thicknesses on the interior
ballistics. The results were to provide scaling information for designing a 105-mm
Concept VI, RLPG (Mandzy, Cushman, and Magoon 1984a, 1984d). For these tests,
the total injection area was the same as that used in the preceding example. However,
the sheet thickness was not uniform. The nonuniform sheet thickness was achieved by
machining scallops on the center bolt, Figure 8. The result was three regions of the
sheet, which had thicknesses much larger than the sheet thickness used in the
reproducibility group, while, at the same time, there were three other regions with sheet
thicknesses that were much less. A description of the test configuration and results is
given in Mandzy, Cushman, and Magoon (1984d). Briefly, the results yielded much
larger pressure oscillations than those observed in the reproducibility group. One test
group that was particularly interesting involved firing a projectile with twice the nominal
projectile mass. The response of the pressure gage at the rear of the chamber is
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Figure 8. lllustration of Cross Section of a Control Rod Showing the Normal Circular Cross
Section and the Scalloped Cross Section Used for the Scaling Tests.

shown in Figure 9. Figures 10-12 show the power spectral density plots of the pressure data
for three time intervals during the pressure-vs.-time record. During the decay of the pressure,
there is apparently an excitation of the acoustical modes in the chamber, as suggested by the
occurrence of the high-order harmonics illustrated in Figure 12. The first peak occurs at 23.5
kHz, and the approximate frequency interval between the peaks is also about 23 kHz. The
first radial mode, for a uniform center bolt and a sound speed of 701 m/s, is 23.9 kHz
(Grachis 1983). The calculated second radial mode occurs at 44.7 kHz, which compares with
the observed doublet with peaks at 45 and 48 kHz. Assuming a somewhat lower sound
speed, of course, would improve the agreement. Also, the agreement could be improved by
keeping the same sound speed and increasing the radial dimension due to the nonuniform
center bolt. The observed frequencies (Figure 12) during the pressure decay occur when the
piston is decelerating on the injection taper, and the injection sheet is becoming progressively
thinner, probably producing a more rapid breakup and more localized burning of the

propellant.
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2.2.3 Concept VI, 30 mm.

(1) Background. The 30-mm was tested at the General Electric test facility using Otto-ll
(Reeves 1985; Pate and Magoon 1985; Magoon et al. 1985) before shipment to the BRL. At
BRL, tests were conducted using various HAN-based liquid propellants including NOS-365,
LGP 1845, and LGP 1846 (Magoon et al. 1985; Watson et al. 1985, 1986; Watson, Knapton,
and Klein 1987; Klingenberg et al. 1987). Instrumentation was similar to the tests performed
with the 25-mm fixture. The tests reported here were all fired with charges of 80 or 160 cm®
and an injection sheet thickness of 1.75 mm. The ballistic performance could possibly be
improved using a thicker injection sheet, but this has not been tested. The nominal projectile

mass was 287 g.

(2) Pressure Oscillations. Test firings performed both at the General Electric Ordnance
Svstems Division and BRL produced pressure oscillations which have been interpreted in
terms of acoustical oscillations. Some of the studies on the oscillations were summarized in
Mandzy, Cushman, and Magoon (1984a); Magoon et al. (1985); and Watson et al. (1985).

A Fast Fourier Transform (FFT) plot of the data taken from Figure 2 is given in Figure 13.
It was shown in Magoon et al. (1985) that the dominant frequency at 34.1 kHz could be
matched with either one or two low-order modes (second radial or combined second radial-
first tangential), assuming one could select a sound speed that was either 701 m/s or
914 m/s. Despite the relatively simple frequency content of the pressure record, an
examination of the data did not identify a unique solution for the acoustical modes. The
dominant frequency, as well as several of the other frequencies, could be identified with any
one of several of the acoustical modes.

Interestingly, not all of the tests resulted in the simple frequency structure illustrated in
Figures 2 and 13. In fact, most of the tests yielded rather complex frequency patterns. The
results from one of the tests will be examined below in greater detail. The reason why a few
of the tests resulted in a simple frequency pattern was not identified. One possible cause
may have been related to the orientation of the crash ring in the combustion chamber.

13
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Figure 13. Fast Fourier Transform Plot of the Data lllustrated in Figure 2.

2.2.4 Concept Vi, 105 mm.

(1) Test Conditions. The test conditions summarized here were fired with Otto-Il.
Instrumentation was similar to the tests performed with the 25-mm fixture. Two projectile
masses were fired, 11.2 kg and 12.5 kg.

(2) Pressure Oscillations. A review of the pressure oscillations is given in Mandzy,

Cushman, and Magoon (1984c); Mandzy et al. (1983); and Morrison and Knapton (1984).

The data show very large-amplitude, high-frequency oscillations. The oscillations appear early
in the test and continue well past completion of the injection. Typically, the frequencies of the
oscillations in the 105-mm gun fixture are between 10-20 kHz, although the liquid-propellant
gages also measured a 60-kHz oscillation of large amplitude. The frequencies are generally
lower than in the 25-mm or 30-mm fixtures, as one would expect from the large chamber
geometry in the 105-mm fixture. The amplitude of the pressure oscillations in the forward end
of the chamber was about 50% of maximum pressure and was even higher towards the rear
of the chamber. The oscillations started around 70 MPa. The frequencies of the oscillations
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were characterized by a broad band of complex structures. Frequency analysis showed the
existence of a band of frequencies between 13.8 and 15.3 kHz. Assuming a sound speed of
701 m/s (Grachis 1983; Cushman and Grachis 1983), the predicted acoustical frequencies are
13.9 kHz, 14.1 kHz, 14.5 kHz, and 15.2 kHz for the second radial, second radial-first
tangential, second radial-second tangential, and second radial-third tangential modes,
respectively. These frequencies were within 200 Hz of the experimental frequencies
identified from the frequency analysis study. Interestingly, there was no strong indication of
the excitation of the first radial mode.

-

2.3 Sound Speed.

2.3.1 Thermodynamic Estimate. The estimates of the sound speed, including an arbitrary
case where a 10% heat loss is assumed, are given in Table 2. The case for a 10% heat loss
is based on assuming a 10% reduction in the gas-phase temperature. A lower gas-phase
temperature seems reasonable based on closed-chamber temperatures measured by
Klingenberg (1986).

2.3.2 Interior Ballistic Model. Coffee (1985) applied a lumped parameter interior ballistics
model! to the 30-mm Concept VI RLPG. Coffee’'s analyses were based on either an all-burnt
condition immediately at injection or a jet break-up condition requiring a finite time for the
combustion of the propellant. He computed a sound speed in the chamber using the two
postulated combustion mechanisms. His results are summarized in Table 3 for the delayed
burning-time case.

The results for the delayed-burning case are considered more reasonable (Coffee 1985)
and result in a somewhat lower sound speed. The sound speed, c, for a two-phase flow, was
calculated by Coffee (1987) using an equation derived by Wallis (1969):

1 \1/2
C =

1P €7 (pcd + (1 - / (pic)

where

€ = porosity = ¢

Vv
v,
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Table 2. Summary of Computed Gas-Phase Sound Speeds Obtained From a BLAKE
Thermochemical Analysis (Freedman 1S87)

Propellant Case Temp?(rature, Gamma Sound /speed,

m/s
Otto-Il No heat loss 1,986 1.272 1,311
1845 No heat loss 2,592 1.217 1,185
1846 No heat loss 2,469 1.218 1,183
Otto-lI Temp 10% less 1,787 1,261 1,226
1845 Temp 10% less 2,333 1.225 1,153
1846 Temp 10% less 2,222 1.232 1,134

Note: The estimated sound speeds for Otto-ll and 1845 are also included for comparison purposes. The pressure
for the no-heat-loss cases is 172 MPa.

Table 3. Predicted Sound Speeds for a 1/3 Charge Test With LGP 1846 for the
Delayed-Burning Case (Coffee 1987)

Time, Chamber Fraction Sound

ms pressure, burned speed,
MPa __ m/s

0.0 T 17 0.018 1,061
0.5 19 .020 1,050
1.0 22 .023 1,039
1.5 25 .026 1,032
2.0 29 .031 1,023
25 34 .036 1,010
3.0 40 .043 990
35 49 .053 960
40 60 .066 914
45 77 .087 859
5.0 90 132 798
55 112 .260 835
6.0 149 .506 905
6.5 153 .780 972
7.0 121 .918 1,018
75 88 .968 999
8.0 65 .987 967

Note: Mean sound speed, 967 m/s; extremes, +34 m/s, -169 m/s.
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and
/2
c, = [_yp__] ,
p,(1 - bpy)
where
p = mixture density
vy = specific heat ratio
V = volume
b = covolume
K = bulk modulus,

and the subscripts j and , refer to the gas and liquid nt.ases, and ., refers to the chamber.

Figure 14, based on Cotfee's model for the delayed-burning case, shows the computed
sound speed and an estimate of the fraction burned. ror comparison, a plot of the
experimental data is shown in Figure 15 for both the pressure and piston displacement data
as a function of time. A summary of the predicted sound speeds is given in Table 3.

3. EXPERIMENTAL

Two different crash rings, Figure 3, were used with the 30-mm tests performed at BRL.
Only the results with the second or modified crash ring are reported here. The modified crash
ring is a simpler design and may better satisfy the approximations used in the derivation of the
eigenvalues summarized. The modified crash ring is attached to the front of the barrel face
(Figure 1). The modified crash ring was designed with the baffle structure, which is illustrated
for the normal crash ring in Figure 3.
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Various propellant reservoir volumes are possible. This study reports only on the
propellant volume at the 1/3 charge (80 cm®). The initial volume in the combustion chamber
with the modified crash ring was 145 cm®. The liquid propellant used in the test was LGP
1846, and the nominal projectile mass was 287 g.

The pressure data are based on recordings at two locations in the combustion chamber,
Figure 1. The forward gage in the J plane is 16 mm from the face of the barrel. The rear
gage in the C plane is 54 mm from the face of the barrel. The initial position of the piston is
29 mm from the barrel face. The data were recorded using Kistler 607C4 pressure

transducers.

Pressure data were recorded on an analog, magnetic tape recorder. The upper frequency
cutoff of the recording system was about 80 kHz. However, frequencies above 50 to 60 kHz
are questionable, since the limiting resonance frequency of the pressure gage cavity is
approximately 62 kHz.

4. ANALYSIS

4.1 Chamber Modes. The analysis depends on taking FFTs of the pressure records to

identify the frequency content of the data. Both the frequency and the relative magnitude of
the FFT plots were determined.

The theoretical acoustical frequencies were determined using the eigenvalues computed
by Cushman and Grachis (1983) for both a circular cavity and an annular cavity. The
frequency of the modes was determined using the following:

where ¢ denotes the sound speed; e, the eigenvalue; and r, the inside radius of chamber,
which equals 38.0 mm. The eigenvalues and the acoustical modes calculated by Grachis
(1983) are given in Table 4.
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Table 4. Eigenvalues and Acoustical Modes for a Circular Cavity and an Annular Cavity
(Grachis 1983; Cushman and Grachis 1983)

Annular Chamber Circular Chamber

|_Eigenvalue® Mode Eigenvalue® Mode  Eigenvalue Mode Eigenvalue Mode
1.4332 17T 10.7000 aT 1.8412 1T 9.9695 2R2T

2.8034 2T 11.0126 2R 3.0542 2T 10.1735 3R
4.0773 3T 11.1248 2R1T 3.8317 1R 10.5199 1R5T
5.2642 4T 11.4579 2R2T 42012 3T 11.3459 2R3T
5.6098 1R 11.4816 1R6T 5.3176 4T 11.7060  3R1T
5.8486 1RIT 12.0028 2R3T 5.3314 1R1T  11.7349 1R6T
6.3945 5T 12.7477 2R4T 6.4156 5T 12.9324 1R7T
6.5290 1R2T 14.0385 1R8T 6.7061 1R2T  13.1704  3R2T

7.4933 6T 14.7789 2R6T 7.0156 2R 13.3237 4R
7.5550 1R3T 16.0126 2R7T 7.5013 1) 13.9872 2R5T
8.5749 7T 16.4552 3R 8.0152 1R3T  14.1155 1R8T
8.7985 1R4T 16.5284 3RI1T 8.5363 2R1T  14.5858 3R3T
9.6464 8T 16.7468 3R2T 8.5778 T 14.8636 4R1T
10.1370 1R5T 17.1073 3R3T 9.2824 1R7T  16.3475 4R2T

9.6474 8T

3The eigenvalues assume a value of 0.4254 for the ratio of the inner to outer radii of the chamber.

4.2 Comparison With Data. Whether the circular or the annular chamber is more

appropriate for analyzing the pressure oscillations is subject to speculation. The circular

chamber analysis might be more appropriate for the forward section of the chamber (J plane),

and the annular chamber analysis (C plane) would be more appropriate for the rear of the

chamber. In either case, it is conceivable that frequencies could be excited in both the rear

and the forward section of the chamber. If so, the responses of the pressure gages could be

influenced by frequencies excited in both sections of the chamber. The presence of the crash

ring makes the analysis more difficult, especially in the forward section of the chamber. The

crash ring used in the earlier tests introduced greater uncertainty in the results due to its more

complex geometry. For this reason, the results summarized here are based cnly on the tests

with the modified crash ring.
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Some errors between the theoretical and the experimental acoustical modes are expected
due to the complex flow processes. The theoretically predicted frequencies assume a
continuous, homogeneous gas medium in a chamber with circular symmetry. The flow inside
the combustion chamber may not be continuous or homogenous, but rather a turbulent, two-
phase flow. Also, the actual configuration for the combustion chamber, which involves end

effects, is different from the ideal case.

A value for the sound speed may be estimated by matching a particular acoustical mode
with a frequency identified from an FFT plot. As will be shown, many sound speeds are
indicated; whether they are of physical significance has to be examined in detail.

The example (1.D. 53) from a test with LGP 1846, given in Watson et al. (1985), is
reexamined in this study. Pressure records, Figures 16 and 17, were given in Watson
et al. (1985). The FFT data, Figures 18 and 19, are summarized in Tables 5 and 6, along
with the assumed mode and the estimated sound speed. The forward portion of the
combustion chamber with the modified crash ring more closely resembles a circular chamber
than the rear section. Therefore, a better match between the observed frequencies and the
theoretically predicted frequencies might be expected for the forward section of the chamber.

The superscript a in Tables 5 and 6 refers to a lack of a match between the experimental
and predicted frequencies. Importantly, if a different sound speed had been selected, then a
match would be possible. However, in most cases, a different experimental frequency would
still be left without an assigned mode. Obviously, some judgment is required in the selection
of the modes. Generally, the lower order modes were assigned to the frequencies with the
larger relative magnitudes.

The 1/3 charge test with the modified crash ring yielded several frequencies with relatively
large amplitudes. It was thought that the circular chamber analysis would be more
appropriate for the response from the J gage. However, as shown in Table 5, the difference
between the experimental and calculated frequencies, based on the circular chamber analysis,
was rather large, especially for two of the low frequencies where it was not possible to obtain
a good comparison. The fit of the data with the annular chamber analysis was somewhat
better.
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Figure 16. Pressure-Time Trace Recorded in Combustion Chamber, J Plane, for a
1/3 Charge Test With LGP 1846 (I.D. No. 53).

360
3004
2501
200
i60-

5 W{WI\MWMWM

PRESSURE (MPA)

6 8 10 12 1
TIME (MS)
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Figure 18. Fast Fourier Transform Plot of Test lllustrated in Figure 16, J Plane (I.D. No. 53).
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Figure 19. Fast Fourier Transform Plot of Test lliustrated in Fiqure 17, C Plane (1.D. No. 53).
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Table 5. Summary of the FFT Frequencies and Estimate of Sound Speeds,
Circular Chamber Analysis

Fast Fourier Transform Plot

Gage Relative
location amplitude

1.00
0.90
0.77
0.70
0.60
0.57
0.49
0.45
0.42
0.41
0.31

L S < A T T S A A A

1.00
0.93
0.72
0.63
045
0.44
0.42

OO0 00 000

Frequency,
kHz

22.5
21.1
29.4
18.0
30.3
1.7

6.2
38.8
32.3
36.8
171

22.2
24.0

6.4
11.7
26.3
17.2
34.5

Assumed

mode

1RI1T

a

1R2T

2R
2T
1T
1R4T
1R3T
2R1T
37

1R1T

1R2T
1T
2T
2R
3T

2R1T

Sound
speed,
m/s

1,010

1,049

1,034
917
806

1,001
965

1,032
974

988
857
832
917
897
980
968

¥No match between experimental frequency and an acoustical mode.

Note: The assumed modes are based on the circular chamber analysis. The test was |.D. No. 53 with a

1/3 charge of LGP 1846.
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Table 6. Summary of the FFT Frequencies and Estimate of Sound Speeds,
Annular Chamber Analysis

Fast Fourier Transform Plot
Gage Relative Frequency, Assumed Sound
location amplitude kHz mode speed,
m/s

J 1.00 22.5 1R 960
J 0.90 21.1 1R1T 864
J 0.77 29.4 1R2T 1,078
J 0.70 18.0 3T 1,057

J 0.60 30.3 -2
J 0.57 11.7 2T 999
J 0.49 6.2 1T 1,036
J 0.45 38.8 1R4T 1,056
J 0.42 323 1R3T 1,023

J 0.41 36.8 -2
J 0.31 17.1 a7 1,004
C 1.00 22.2 iR 947
C 0.93 24.0 1R1T 982
C 0.72 6.4 1T 1,069
Cc 0.63 11.7 2T 999
C 0.45 26.3 1R2T 964
C 0.44 17.2 3T 1,010
C 0.42 34.5 1R3T 1,093

3No match between experimental frequency and an acoustical mode.

Note: The assumed modes are based on the annular chamber analysis. The test was 1.D. No. 53 with a
1, charge of LGP 1846.
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The sound speeds were calculated based on the assumption that the first low frequency
matched the first tangential mode and that the dominant frequency with the largest relative
amplitude could be matched with one of the low-order modes. Only the frequencies with the

larger relative amplitudes are considered.

The mean sound speeds for the two groups of data summarized in Table 5 are 976 m/s
and 920 m/s, with variations in the standard deviation of 7.8% and 6.7%, respectively.

The comparison of the FFT frequencies based on the annular chamber analysis is given in
Table 6. The mean sound speeds for the two groups of data summarized in Table 6 are both
1,009 m/s, with variations in the standard deviation of 6.4% and 5.3%.

4.3 Waterfall Analysis. Waterfall plots were constructed for each record and are
illustrated in Figures 20 and 21. The plots are produced b - computing FFTs on short intervals

of time and plotting the frequency spectrum along a baseline. The analysis is repeated over
successive time intervals. The result is a plot of the frequency history of the record. One can
distinguish between the longitudinal modes, if they exist, and the radial or tangential modes in
the data by observing how the frequencies change with time. Longitudinal frequencies should
decrease with time as the length of the chamber increases due to the piston and projectile

motion. Radial and tangential modes remain more constant as the piston moves.

Results of the waterfall analysis show that the oscillations remain approximately constant
during the main injection phase of the piston motion. There is no evidence of longitudinal
modes in the chamber. The oscillations start, approximately, as the piston uncovers the
minimum diameter portion of the center bolt and remain approximately constant until the

piston stops. At that time, oscillations diminish or decrease rapidly with time.

5. CONCLUSIONS

For the two cases of interest, the calculated mean sound speeds for the annular chamber
case and the circular chamber case are 1,009 m/s and 967 m/s, with standard deviations of
5.3% and 7.8%, respectively. These values compare with an averaged sound speed of
976 m/s, calculated from the Coffee model, assuming delayed burning. The differences in the
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sound speed determined by the two methods are 4.3% and 1.0%, respectively. The
agreement is reasonably good when considering the assumptions used in the analysis and
gives additional support to the postulate that at least some of the observed experimental
frequencies may be attributed to the excitation of the acoustical modes.

Importantly, the FFTs of the data identified some frequencies that were difficult to assign
to a particular acoustical mode. This suggests that there may be some frequencies that
cannot be attributed to an acoustical chamber frequency. Two examples are given in Table 5
for the data recorded at the J plane, indicating frequencies at 18.0 kHz and 21.1 kHz that

were not assigned to one of the acoustical modes.

Results of the waterfall analysis show that the oscillations remain approximately constant
during the combustion. We conclude, therefore, that the pressure oscillations are tangential
and/or radial modes. Also, there is no strong evidence of longitudinal modes in the chamber

indicated in the analysis.

Although not a subject of this paper, the experimental approaches for reducing or
eliminating the oscillations fall into two categories. The first category consists of approaches
to remove the driving force from the system. This may be difficult if the source is an integral
part of the process. Interestingly, in one concept, similar to the concept studied in this paper
and referred to as Concept VIA, there was a significant reduction in the amplitude of the
oscillations. In Concept VIA, the injection orifice contours were varied, and, in one
configuration, the amplitude of the oscillations was reduced.

The second category consists of approaches to make the system unfavorable to sustain
the oscillations. Rocket engineers use baffles and acoustical liners in the engines to control
instabilities. Baffles and acoustic liners might be instalied in a gun, although the conditions in
a gun, due to the high pressures, may limit the practicality of such an approach
(Hasenbein 1981).
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